Abstract: A 1 x 8 fiber array is used as the front-end of a receiver system. Each channel has a different length of fiber, resulting in each channel signal arriving at the detector at a pre-determined interval relative to a constant repetitive frequency signal. We demonstrate that these eight channels can be efficiently coupled to an individual single-photon detector such that the arrival-time of a photon in each is distinguishable from the next. Thus, we demonstrate spatial position to time information exchange, resulting in a photon-counting array using a single detector. The receiver system could be implemented in numerous applications, including time-resolved photoluminescence, low-light level spectroscopy and quantum information processing. 
Introduction
There is an increasing requirement to measure low-light levels with picosecond resolution simultaneously at multiple spatial positions. Single-photon cameras are commercially available [1] and are typically based on electron-multiplying CCDs (EMCCDs). These cameras demonstrate single-photon sensitivity. Unfortunately, whilst they offer position sensitivity, they lack the nanosecond or picosecond temporal resolution necessary in a number of emerging applications. Single-photon avalanche diode (SPAD) detector arrays [2] offer the possibility of simultaneous single-photon measurements at multiple positions whilst maintaining picosecond resolution timing signatures. However this approach introduces further challenges such as crosstalk, fill-factor (which may typically be lower than 5%), fast data multiplexing and potential non-uniformities in detector performance. Using many individual detectors and acquisition hardware is also a solution, however this is a cumbersome and expensive approach.
Instead of using a detector array, an individual detector, which is scanned across the desired positions, can be used [3] . While this alternative is more cost effective, the scanning process may result in position errors during movement, and does not permit the simultaneous acquisition of data from multiple spatial positions, leading to greatly increased acquisition times in these photon-starved measurements.
The method presented in this paper is an alternative to these approaches. We use a fiber array with a fiber combiner, as this combines the ability to measure multiple spatial positions simultaneously with the cost efficiency and performance of using only one optimized detector. Not only is the temporal information recorded and correlated to spatial position, it is also possible -most relevant in applications such as time-resolved photoluminescence (TRPL) -to observe differences in temporal response from different areas of the sample under test.
The fiber array is housed in a V-groove fabricated from silicon where the V-groove pitch is 127 µm. Eight grooves are anisotropically etched into the silicon, each V-groove holds one fiber with a core diameter of 50 µm and a cladding diameter of 125 µm. The fibers are all evenly stepped in length, resulting in different pre-determined signal arrival intervals at the detector. The eight fibers housed in the V-groove are FC/PC connectorized on the exit ends. These eight fibers are coupled into a single detector using a fiber combiner which efficiently combines eight input fibers to a single output fiber. The core diameter of the input fibres was chosen to be 50 µm to match the core diameter of the V-groove fibers and therefore enable efficient fiber to fiber coupling from the fiber array. In practice, the coupling loss between array and combiner fibers is estimated to be ~0.2 dB per fiber. In the combiner fabrication process, the input fibers are first stretched and tapered, then fusion spliced onto the output fiber, which has a larger core diameter of 105 µm. In this experiment, the output fiber is then coupled into a single-photon detector. The average transmittance of the combiner is ~70% across all 8 channels, with a maximum of 78% in channel 2 and a minimum of 65% in channel 8.
Experimental setup
To characterize the receiver, the setup in Fig. 1 was used. The characterization setup consists of a pulsed laser diode emitting at a wavelength of 686 nm, the measurements were then repeated with a 850 nm wavelength laser to ascertain any spectrally dependent loss. The laser was coupled into a 5 µm diameter fiber to circularize the optical beam, and an optical fiber power meter is used to monitor the laser power stability. The collimated laser beam was attenuated by neutral density filters such that much less than one photon per pulse was entering any individual fibre. The beam was aligned to fully, and equally, illuminate all fibers of the V-groove array. A transmission slit was added to characterize the channel capacity as shown later. The V-groove fibers were connected to the combiner and the single output fiber of the combiner was attached to the SPAD under test -either a thick pn-junction SPAD [4] (Perkin Elmer, model number: SPCM-CD2882) or a thin pn-junction SPAD [5] (MPD, model number: PDF series with 62.5 µm graded index fiber). The repetitive signal that was used to drive the laser was also used to start the timing electronics of the photon-counting hardware. The SPAD signal was used as the stop signal such that many measurements of single-photon events were collected to produce the photon-counting timing histograms shown in Figs. 2 and 3. 
Experimental results
In order to establish the maximum throughput of the system, each fiber from the array was connected directly to a thick junction SPAD of known detection efficiency. The combiner was then added to the setup to fully characterize the system. The results are presented in Table 1 in terms of overall single-photon detection efficiency (SPDE) and detector jitter. Characterization of the different detector setups shows that the thick junction SPAD has a high SPDE but also a large timing jitter due to the thick absorbing region of the detector [6] . Although the eight peaks are clearly distinguishable, the timing jitter causes an overlap between two adjacent peaks as shown in the dotted trace in Fig. 2 . The tail of the previous channel adds counts to the next channel. The thin junction SPAD results indicate a low jitter without significant overlap between two adjacent peaks (solid line trace in Fig. 2 ). When the fiber combiner is directly connected to the thin junction SPAD the timing jitter is 135 ps. One has to mention that the thin junction detector with an active area diameter of 50 µm is coupled to a fiber with a core diameter of 62.5 µm so that it is not possible to measure the SPDE and timing jitter with the larger 105 µm diameter fiber because some higher order modes are suppressed during the coupling process.
The temporal separation between peaks is determined by the selection of the optical fiber length before the combiner stage. The spacing used in these measurements was aimed at measuring 8 different positions in a 10 ns window for compatibility with a 100 MHz repetition rate source. Longer fibres will further improve the temporal separation at the expense of overall data rate. Using a detector with lower jitter would enable decreased temporal separation of channels. This could be exploited in two ways: either more channels within a 10 ns period, for example, or the same number of channels but a higher repetition frequency.
To show the capability of the fiber array to convert positional information into time information, we placed a transmission slit directly in front of each of the V-groove fibers as shown in the lower part of Fig. 3 . The width of the slit was less that the separation between the two fibers cores such that at in any one position, only one of the fibres of the V-groove would collect light. The timing signature for each of the 8 positions was recorded using the thin junction SPAD, and these traces are plotted in Fig. 3 . The peak position in each of these plots corresponds to a unique time thus identifying the different positions of the transmission slit. These results can be analysed to quantify the channel capacity or number of effective channels that the combination of the fiber array and detector can measure. This is an important number to quantify when considering such a device for single-photon communication systems. This is analogous to characterising the performance of a polarizing beam splitter used to sort input polarisation states.
For the channel capacity calculation, the spatial positions of the slit are the input states, {a 1 8 }, are specific time windows in the recorded histogram, the separation between the states set by the optical delay introduced by the additional optical fibre. The probability of recording a state P(b i ) is calculated by summing the counts in the corresponding time window and dividing by the sum of all the counts in all windows. From information theory [7] , the channel capacity of the system is then,
where in our case,
is the entropy of the source, and
is the conditional entropy of transmitted signal a given received signal b.
Given that the maximum possible number of modes for the V-groove fiber array is 8, if used in a single-photon communication system, this would correspond to 3bits/photon. In practice, the finite width of the detection signal and the background counts arising from the detector result in a reduced channel capacity and number of modes. With no additional windowing of the data, the channel capacity of the fibre array and the thick junction detector was found to be C = 2.32 bits/photon with 4.99 effective modes, the thin junction SPAD described above was found to be C = 2.63 bits/photon corresponding to 6.17 effective modes as shown in Table 2 . This can be increased through selective binning of the expense of the overall data rate of the device. For example, by selecting the bins for the receiver state to be the width (1/e) of a Gaussian fitted to the signal we can increase the effective mode channel capacity to C = 2.58 bits/photon with 6.00 modes and C = 2.93 bits/photon with 7.60 modes for the thick and thin junction SPADs respectively. The decrease in the transmission rate that this windowing results in is around 42% for the thick junction SPAD and 47% for the thin junction SPAD. Applications that require low light level detection and multiple measurement points at the same time will benefit from the fiber array approach. Applications include TRPL, fluorescence lifetime imaging (FLIM), and spectroscopy of faint optical sources, e.g. singlephoton sources. One example is the multi-spectral time-resolved fluorescence where multiple wavelengths are measured simultaneously for rapid data acquisition [8] and to avoid effects such as photobleaching [9] . Other applications like photon-counting time-of-flight depth imaging [10] and quantum imaging will benefit from the increased data rate of the receiver system and the possibility to obtain full-field images. One possible application of the multi-channel receiver is in the field of quantum imaging where coincidence measurements are made on signal and idler photons produced by spontaneous parametric downconversion (SPDC). If each downconversion arm possesses an identical fiber array, combiner and one detector, measurements can be performed to assess the strength of position correlations. So far multichannel measurements have been realised with the use of fiber arrays, where each fiber is pigtailed to an individual detector [11] and thus adding complexity to the receiver system as each detector varies in efficiency, timing jitter and dark current. With the aid of the fiber array it is possible to obtain coincidence measurements without the use of several detectors in each arm and without scanning with a single detector, where photons, and therefore coincidences, will be lost during the scan. The fiber array receiver system is a cost effective and user-friendly alternative for existing receiver systems.
Conclusions
Position to time multiplexing using a fiber array has been demonstrated in a single-photon detection scheme. This approach offers the opportunity to measure multiple positions at low light levels simultaneously without the need for scanning and with the ease of using only an individual optimized single-photon detector. While dealing with low light levels, care has to be taken that only a minimum of light is lost. The described receiver system efficiently couples the eight input fibres to a single output fibre and therefore fulfils this requirement. The possibility to measure different positions simultaneously leads to an increased data acquisition rate. Therefore, applications where the time range for taking data is limited will benefit from this receiver system. Applications include FLIM, ranging and quantum imaging.
